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Objectives: Therapeutic augmentation of collateral artery growth (ie, arteriogenesis) is of particular clinical interest for
improving blood flow in vascular occlusive disease. Quantification of collateralization in small animal models is difficult,
however, and the commonly used technique of laser Doppler perfusion imaging (LDPI) has always been criticized.
Therefore, a new method, termed indocyanine green angiography (ICGA), was established for in vivo imaging of
arteriogenesis in mice and compared with LDPI.
Method:Using the accepted model of ligation of the left femoral artery of 45 C57BL6 mice, we determined arteriogenesis
both by LDPI and ICGA, which were applied before and periodically after ligation of the left femoral artery (each group
n  7). Collateral artery growth within the hind limb was additionally verified by histologic workup.
Results: Determination of flow by ICGA, as represented by maximal pixel intensity (ratio of left/right hind limb)
demonstrated a drop from 0.97  0.06 before ligation to 0.11  0.12 directly after ligation, which recovered to 0.48 
0.22 after 1 week, to 0.65  0.11 after 2 weeks, and to 0.59  0.22 after 3 weeks (n  7, P < .05). Similarly, flow
determined as the perfusion index (slope of pixel intensity, ratio left/right) dropped from 1.18  0.4 before ligation to
0.02  0.03 immediately after ligation but recovered to 0.08  0.01 after 1 week, to 0.17  0.01 after 2 weeks, and to
0.17  0.06 after 3 weeks (n  7, P < .05). Quantification by LDPI demonstrated a drop from 1.06  0.06 (left/right
ratio) before ligation to 0.37  0.03 immediately after ligation. In contrast to ICGA, perfusion recuperated completely
within 1 week to 1.01  0.14 and tended to be even higher in the ligated than in the unligated hind limb after 2 (1.09 
0.25) and 3 weeks (1.20  0.29), pointing towards limitations of this technique. Histologic analysis confirmed the
significant increase in the number of collaterals. The intraindividual ratio increased from 1.0  0.05 before ligation to
1.35  0.10 at 2 weeks and 1.41  0.08 at 3 weeks after ligation (P < .05).
Conclusion: Our data demonstrate that ICGA represents a potent tool for the quantification of collateral flow in small
animal models. The current standard of LDPI seems to rather represent blood movements within the superficial skin but
not of the entire hind limb. (J Vasc Surg 2008;48:1315-21.)
Clinical Relevance: Therapeutic augmentation of collateral vessel growth is of particular clinical interest, especially in
patients with severe or diffuse vascular disease where angioplasty or surgery are of limited value. Basic research is the key
to understanding the complexity of new vessel growth. Our group has been working on cell therapeutic strategies to
sufficiently augment collateral blood vessel growth. The mouse is a useful animal model; however, visualization of blood
vessels in small animals has relied on methods that are either impractical or imprecise. In this study we established a new
method for in vivo visualization of collateral arteries and for determination of blood flow in the mouse hind limb. This
innovative method based on the injection of indocyanine green contrast agent into the systemic vascular system, followed
by infrared laser light excitation, is able to visualize individual collateral arteries and quantify the blood flow. This new
method has important implications for basic research and for the development of new strategies to treat peripheral arterial
disease in human.Coronary artery disease and peripheral vascular disease
are the leading causes of morbidity and mortality in the
Western world.1 Endogenous repair of such vascular occlu-
sive disease relies on new vessel formation. In the adult,
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genesis)2 or remodelling of pre-existing arteriolar connec-
tions into collateral arteries (ie, arteriogenesis).3 Despite
spontaneous angiogenesis and arteriogenesis, which atten-
uate local tissue ischemia and improve clinical outcome,4
the net effect is rarely adequate to fully compensate for the
blood flow lost by occlusion of the native artery. This has
prompted exploration of novel ways to therapeutically en-
hance blood flow into ischemic tissues by manipulating
either angiogenesis or arteriogenesis. Although angiogenic
mechanisms have been extensively studied 5 and promising
approaches to augment them have been described,6,7
progress towards understanding and controlling arterio-
genic mechanisms has been limited.
Our previous work on strategies to increase arteriogen-
esis8-11 suggests that such modifications may be highly
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areas to prevent necrosis or loss of function. However,
further detailed investigation is hindered by the lack of in
vivo assays to visualize collateral artery growth and quantify
postocclusive flow in small animal models, including mice,
despite the existence of such techniques for larger animals
such as dogs,12 pigs, and rabbits.13 This experimental lim-
itation is particularly disadvantageous because transgenic
mice are mostly used to elucidate the arteriogenic response
to pathophysiologic processes. To date, visualization of
collateral arteries in mice has been limited to postmortem
x-ray angiograms, which use high-density bismuth sus-
pended in gelatin,14,15 high-resolutionmagnetic resonance
imaging (MRI),16,17 and laser Doppler perfusion imaging
(LDPI).18
Although postmortem techniques are able to accu-
rately determine vessel size, they do not represent the in
vivo situation and are impractical for longitudinal studies
that require large numbers of animals. MRI, on the other
hand, allows in vivo imaging but is costly, technically
complicated, and not widely available. LDPI is currently
the gold standard to minimally invasively document in vivo
blood flow in the mouse hind limb18; however, it is surface-
weighted. LDPI, therefore, cannot be used to accurately
determine collateral-dependent blood flow and is unable to
detect individual vessels in small animals. To date, no
technique has been described that allows effective quanti-
fication of distal hind limb blood flow and direct measure-
ment of collateral artery growth distal to an arterial occlu-
sion in vivo.
Here we address the experimental limitations of study-
ing arteriogenesis by demonstrating a novel in vivo method
to observe the growth of individual collateral arteries and
quantify blood flow in the mouse hind limb. This innova-
tive method is based on the injection of indocyanine green
(ICG) in the systemic vascular system, followed by infrared
laser light excitation. Subsequent to the injection, video
imaging is done and the maximal fluorescence intensity in
the distal extremity and the velocity of inflow and reflow are
determined, aided by computer. ICG angiography (ICGA)
has been used for 40 years to measure cardiac output, as
a liver or transplanted skin function test, and for fluores-
cence angiography of the choroids in humans.19-22 But, to
our knowledge, it has never been used for visualization of
peripheral arteries in small animals like mice.
The aim of the present study, therefore, was to evaluate
the applicability of the ICGA for the determination of hind
limb perfusion in mice, to compare the new method with
the current gold standard of LDPI, and to correlate angio-
graphic observations with immunohistochemical findings.
MATERIALS AND METHODS
The present study was performed with permission of
the State of Saxony, Regierungspraesidium Dresden, ac-
cording to Section 8 of theGerman Law for the Protection of
Animals.
Animal model. The study used 45 male C57BL/6
mice (Charles River Laboratories, Sulzfeld, Germany) aged11 to 13 weeks. The mice were anesthetized by an intra-
peritoneal injection of xylazine (2 mg/kg) and ketamine
(60 mg/kg; MEDISTAR GmbH, Holzwickede, Ger-
many). The left femoral artery was occluded by ligation
with 6-0 silk suture immediately distal to the origin of the
deep femoral artery and proximal to the origin of any other
distal branch.14
To quantify hind limb perfusion, ICGA was performed
under narcosis before ligation, directly after ligation (to
control sufficient occlusion), and after 7, 14, and 21 days.
The same time points were used to perform laser scanning
measurements (PeriScan System, Perimed, Järfälla, Swe-
den).18 Before the measurements were done, the animals
were placed for 5 minutes on a 38°C heating plate to avoid
vasoconstriction by anesthetic heat loss. After ligation, the
animals underwent either the scanning procedure or the
ICGA. Sample size of each group was seven. A control
group for histologic quantification of vessel density in-
cluded also seven mice.
Indocyanine green angiography. A bolus of 0.2 mL
of ICG (0.25 g/mg; Pulsion Medical Systems AG, Mu-
nich, Germany) dissolved in 4% bovine calf albumin (31.25
g/mL) was injected with a 27-gauge needle percutane-
ously into the left ventricle to assure homogenous distribu-
tion into the arterial vessels of both legs. Themice tolerated
this procedure very well. Only two mice (5%) died during
the course of the entire study.
ICG fluorescence was induced and recorded using a
laser-fluorescence imaging device (IC-View, Pulsion Med-
ical Systems AG) consisting of a near-infrared laser light
source (0.16 W, wavelength  780 nm) and a near-infrared–
filtered digital camcorder.23
For comparative measurements, the back of each lower
foot was defined as a region of interest (Fig 1, A). Blood
supply was quantified using two different approaches:
1. The “maximal pixel intensity” was calculated within the
area of interest of the unligated vs the ligated leg using
the normally perfused tail as a reference and after adjust-
ment to a standard sponge filled with ICG. The use of a
reference and a standard gave more valid information
about the hind limb perfusion than maximum ICG-
fluorescence intensity alone (Fig 1, B, false color repre-
sentation).
2. For calculation of the “perfusion index,” the increase of
fluorescence within the region of interest was graphically
visualized and the inflow velocity (pixel intensity/s) was
determined as the slope (ligated/unligated side) of the
curve by IC-CALC software (Pulsion Medical Systems
AG) as shown in Fig 1, C (red line, ligated leg; green
line, unligated leg). This gave information on ICG
filling speed, an indicator of the extent of blood
supply provided by the collateral arteries growing
after ligation of the femoral artery.24
Depilatory cream (Reckitt Benckiser, Berkshire, United
Kingdom [UK]) was used to remove the hair from the skin
under narcosis. Video imaging was started upon ICG injec-
tion into the left ventricle.
after
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record serial blood flow measurements before and after the
ligation of the left femoral artery and during a 3-week
period postoperatively. The LDPI system (PeriScan Sys-
tem) uses a class 2 laser to generate a beam of light that
sequentially scans the skin of the mouse foot up to a depth
of 500 m. During the scanning procedure, blood cells
moving through the vasculature shift the frequency of
incident light according to the Doppler principle. A pho-
todiode collects the back-scattered light, and the original
light intensity variations are transformed into a false-color
image. The mean signal intensity of the reference region is
represented by green, higher fluorescence intensities are
represented by yellow, orange, and red (red representing
the highest intensity), and lower fluorescence intensities are
Fig 1. A, Hind limb perfusion in two regions of inte
unligated leg. A standard sponge (red arrow) and a re
eliminate background signals. B, False-color images show
and tail, and hypoperfusion of the ligated leg, were o
indocyanine green, determined as the increase of fluoresc
slope of the red (ligated area) and green (unligated area) c
background signals. The black bar indicates the time poin
seconds when maximal perfusion was observed in the un
foot span demonstrates superficial skin perfusion 1 weekrepresented by blue–green.Postmortem angiography. At the end of the study,
mice were euthanized, the thoracic aorta was cannulated,
and the circulatory system was rinsed under 100 mm Hg
pressure with Tris-buffered saline containing 0.1% adeno-
sine. After maximal vasodilatation was achieved, the con-
trast agent (bismuth chloride in 5% gelatin) was infused at
200 mm Hg pressure for 2 minutes. Then high-resolution
x-ray angiographies of each single hind limb were taken at
two different angles in a Balteau radiography apparatus
(Machlett Laboratories, Stamford, Conn) at 20 kV and 12
mA acceleration voltage using a single-enveloped Struc-
turix D7DW film (Agfa-Gevaert AG, Leverkusen,
Germany). Collateral arteries were identified as previously
described.14,15,25
Immunohistochemistry. Directly after femoral artery
red and green squares) of a (left) ligated and (right)
ce area (white arrow) were simultaneously imaged to
hind limb perfusion. High perfusion of the unligated leg
ed directly after occlusion. C, The influx velocity of
intensity in the regions of interest, is represented by the
. The standard sponge (yellow line)was used to eliminate
easurement for maximal fluorescence intensity after 20
ed leg. D, Laser Doppler perfusion imaging of a mouse
the ligation.rest (
feren
the
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t of m
ligatligation and at 7, 14, and 21 days later, tissue samples from
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at –130°C and stored at –80°C until use.26 To detect
growing collateral arteries, cryosections of 5- to 7-m
thickness were prepared with a Leica CM 1900 Cryomic-
rotome (Carl Zeiss AG, Jena, Germany), mounted on
silicone-coated slides and incubated for 1 hour with a
monoclonal anti--smooth muscle actin clone 1a4 fluores-
cein isothiocyanate (FITC) conjugate (1:100; Sigma Al-
drich Co, Taufkirchen, Germany). Finally, nuclei were
stained with 4=,6-diamidino-2-phenylindole, dihydrochlo-
ride (1:1000; Invitrogen, Karlsruhe, Germany). To detect
proliferation of collateral arteries, the slides were incubated
with KI-67 (1:25; Abcam PLC, Cambridge, UK), followed
by incubation with a second antibody Cy3-conjugated
affine pure goat antirat immunoglobulin G HL (1:200;
Jackson ImmunoResearch, Suffolk, UK) for 1 hour at
37°C. Ten sections per animal were stained, and ves-
sel density was quantified by a single blind observer and
MetaMorph computer imaging system (Molecular Devices
Corp, Sunnyvale, Calif).
Statistical analysis. Data are given as the mean 
standard error of the mean. They were compared by anal-
ysis of variance, using post hoc analysis with the Fisher
corrected t test. Values of P  .05 were considered statis-
tically significant.
RESULTS
In vivo ICGA. ICG is a tricarbocyanine dye that binds
almost completely to globulins and is exclusively distrib-
uted in the intravascular space, making it a suitable tracer
Fig 2. Top, Time course of blood flow given as the per
bars) and maximal pixel intensity (ligated/unligated; re
Doppler perfusion imaging measurement. Error bars rep
false-color images show the regions of interest in a ligate
intensity of the reference regions is green, lower fluoresce
are gradually represented by yellow, orange, and red.for vessel perfusion. It has a plasma half-life of 3 to 4 min, isnot metabolized, and is eliminated exclusively through the
liver. Injection of ICG into the vascular system, followed by
its excitation with infrared light, enabled us to visualize
single vessels in vivo in themouse’s lower hind limb (Fig 1,A).
Because the skin is relatively transparent to the ICG fluo-
rescence, it could be detected up to a depth of approxi-
mately 3 mm.
This ICGA technique was applied to determine the
time course of flow recovery in a ligated murine hind limb
by taking serial blood flow measurements for 21 days after
ligation (Fig 2). To enhance detection of tissue areas that
had high and low fluorescence intensities compared with
the reference, false-color images of the superficial blood
flow were created (Fig 2, A to E). Maximal pixel intensity
(ligated/unligated side) dropped from 0.97 0.06 (before
ligation) to 0.11  0.12 directly after ligation, but recov-
ered to 0.48  0.22 (1 week), 0.65  0.11 (2 weeks), and
0.70 0.22 (3 weeks) after ligation (Fig 2, red bars; n 7,
each P .05). In the mice hind limb, the flow, determined
as the perfusion index (slope of pixel intensity, ligated/
unligated side), dropped from 1.18 0.4 before ligation to
0.02  0.03 immediately after ligation, but recovered to
0.08  0.1 at 1 week, to 0.17  0.01 at 2 weeks, and
to 0.17  0.06 at 3 weeks after ligation (Fig 2, blue bars;
n  7, each P  .05). Thus, during recovery from occlu-
sion, we detected increased blood flow in the hind limb that
likely is the result of increased arterial collateralization.
These data demonstrate that in vivo ICGA imaging can be
used to quantify the dynamics of arteriogenesis in the
n index (slope of pixel intensity, ligated/unligated; blue
s; n  7). The green bars represent the results of laser
t the standard error of the mean. A to E, Representative
d square) and unligated (green) hind limb. Mean signal
tensity is blue–green, and higher fluorescence intensitiesfusio
d bar
resen
d (re
nce inmouse hind limb. We also visualized collateral arteries in
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the left femoral artery (Fig 3).
Our new technology was compared with the gold stan-
dard LDPI: With this method superficial skin perfusion can
be detected. LDPI demonstrated a drop of hind limb skin
perfusion from 1.06  0.06 (left/right ratio) before liga-
ture to 0.37 0.03 immediately after ligature (Fig 2, green
bars). However, skin perfusion recuperated completely
within 1 week (1.01 0.14) and tended to be higher in the
ligated than in the unligated hind limb after 2 (1.09 
0.25) and 3 weeks (1.20  0.29; P  .05, n  7).
Furthermore, the resolution of the method was too low to
visualize single collateral arteries (Fig 1, D).
Postmortem x-ray angiographies. To confirm the
results obtained by ICGA analysis, postmortem x-ray an-
giographies were used to visualize collateral artery growth
21 days after ligation of the femoral artery (Fig 4). In
agreement with the in vivo ICGA observations, collateral
arteries were observed at the site of occlusion (Fig 4, B, red
arrows) whereas only a pre-existing capillary network was
slightly visible on the contralateral unligated hind limb
Fig 3. Direct visualization of collateral arteries (white a
hind limbs during indocyanine green perfusion.
Fig 4. Postmortem angiography of an (A) unligated and
occlusion side (red arrows).(Fig 4, A).Histologic workup. Revascularization of the oc-
cluded hind limb during the 21 postoperative days was
additionally evaluated by immunohistochemistry. Arterial
density, visualized by a monoclonal anti--smooth muscle
actin clone 1a4 FITC conjugate, was observed to be in-
creased in the ligated hind limb at 21 days after ligation
compared with the unligated limb. A ratio of collateral
arteries in the ligated vs unligated leg was calculated for
each animal (n  7 for each group). The intraindividual
ratio increased from 1.0  0.05 before ligation to 1.44 
0.4 at 1 week after ligation and plateaued at 1.31  0.6 at
2 weeks and at 1.33  0.6 at 3 weeks after ligation (Fig 5,
P .05). Thus, this histologic workup further supports our
in vivo ICGA findings that increased blood flow by collat-
eralization occurs after ligation in the hind limb.
DISCUSSION
Gradual occlusion of arteries is frequently associated
with the development of collateral circulation in patients
with atherosclerosis. Although the existence of collateral
circulation in such patients is associated with improved
s) in representative (left) ligated and (right) unligated
igatedmouse hind limb. A few visible collaterals span therrow(B) lclinical outcomes,4 the net effect is rarely adequate to fully
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vessel. Therefore, strategies for neovascularization of isch-
emic cardiac tissue or lower extremities are of particular
clinical interest.1
Examination of vascular remodelling and growth in
small animal models, especially in transgenic mice, is of
tremendous importance to improve our understanding of
the mechanisms of angiogenesis or arteriogenesis and to
develop new strategies to therapeutically improve tissue
blood supply. Visualization and quantification of collateral
growth in small animal models is afflicted with substantial
errors, however, and visualization of collateral arteries in
small animals like mice has been limited to postmortem
x-ray angiograms using bismuth suspended in gelatin15 and
high resolution MRI.16,17 However, postmortem tech-
niques are not practical for longitudinal studies owing to
the large number of animals needed. Furthermore, tech-
niques such as postmortem angiography, MRI, and even
histology rely on quantification of the vessel number. Small
differences in vessel size are hardly detected, but small
differences in diameter result in large alterations of blood
supply as flow increases with the fourth power of the
diameter.27
The current gold standard of minimal invasive determi-
nation of blood perfusion within the hind limb is the LDPI
system.18 The laser scanner detects moving blood cells by a
shift of the reflected light according to the Doppler princi-
ple. It does not, however, penetrate the entire limb. It is,
therefore, assumed that LDPI detected-flow rather repre-
sents superficial skin perfusion and may not precisely reflect
flow through collaterals situated in the muscular layer. Our
study supports this assumption: We documented that skin
perfusion recuperated completely within 1 week and
tended to be even higher in the ligated than in the unligated
hind limb after 2 and 3 weeks. This raises concerns about
the validity of the entire technique. Furthermore, LDPI
does not allow direct visualization of collateral arteries.
In this study we established a new technique for visu-
alization of single collateral arteries and quantification of
flow within the hind limb of mice. ICGA has long been
used during human plastic and reconstructive surgery to
reveal perfusion of free and pedicled flaps, estimate burn
Fig 5. Collateral arteries increase after ligation. The ligated/
unligated ratio of collateral arteries was calculated for each animal
(n  7 for each group). Error bars designate the standard error of
the mean.depth, demarcate areas of necrosis, determine amputationlevels, and demonstrate the perfusion of anastomo-
ses.19,21,22,28 But to our knowledge, it had never been used
for visualization of peripheral arteries in small animals like
mice until our study.
ICG is even excited through deeper tissue layers, allow-
ing assessment of blood flow within the entire limb. Con-
sequently, ICG enabled us to perform the first in vivo
imaging of individual murine collateral arteries. To demon-
strate the applicability of this novel method, we used it to
analyze the dynamics of arteriogenesis after ischemia in the
mouse hind limb. ICGA was performed directly after liga-
tion of the femoral artery to document the consequent
reduction in blood flow. Subsequently, serial in vivo exam-
inations of these mice by ICGA revealed that the reduction
of hind limb blood flow typically persisted for up to 3 to 5
days and then progressively increased during the course of
14 days, ultimately plateauing on day 21. Morphometric
analysis of arteriolar density performed at the same time
points selected for in vivo analysis of blood flow by ICG
confirmed that the histologic sequence of neovasculariza-
tion corresponded temporally to blood flow recovery de-
tected in vivo. Furthermore, postmortem angiographies
underlined the in vivo measurements done by ICGA.
The invasive procedure of this new technique could be
considered as a major disadvantage, because the percutane-
ous injections of ICG into the left ventricle could be causal
to ventricular dysfunction and death; however, the proce-
dure was very well tolerated. Only two mice (5%) died
during the follow-up, most likely due to intrapulmonal
injections with subsequent pneumonia.
Considering that ICG imaging is able to detect collat-
eral arteries in the range of 100 m and is demonstrably
suited for in vivo experiments using the murine peripheral
hind limb ischemia model, it is clear that future investiga-
tions of collateral artery growth are feasible. Although
collateral arteries are still at the detection limit of the recent
noninvasive technology, we have shown for the first time
that collateral artery growth in mice can be directly visual-
ized in vivo.
CONCLUSION
We have demonstrated that ICGA can be effectively
used to measure blood flow and visualize individual collat-
eral arteries in small animals. Importantly, the use of ICGA
in murine models is a novel means to study the in vivo
effects of therapeutic augmentation of arteriogenesis.
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